Autophagy is an essential cellular mechanism that degrades cytoplasmic proteins and organelles to recycle their components. Here we showed that autophagy was essential for the glycolysis switch and energy homeostasis in mouse granulosa cells under hypoxic condition. Our data indicated that hypoxia inducible factor-1α (HIF-1α) could be largely increased in developing follicles and this remarkable upregulation of HIF-1α triggered cell autophagy and glucose uptake. We found that blocking autophagy by Atg7 knockdown and 3-methyladenine (3-MA) treatment affected the glucose metabolism, with increased glycolytic enzyme activity and decreased ATP production. We also found enhanced lactate level, which was harmful to granulosa cells and could induce cell apoptosis. Thus, our findings highlight a protective role of HIF-1α-dependent autophagy for the granulosa cell glycolysis switch in both energy supply and cell survival.
Introduction
Autophagy is an evolutionarily conserved process, which can degrade the cytoplasmic proteins or organelles to recycle cellular components for cell survival and tissue homeostasis. It can be rapidly activated by multiple extracellular stresses, including starvation [1] , growth factor deprivation [2] , and hypoxia [3] . Intracellular materials, such as long-lived proteins or damaged organelles, are degraded by double-membraned autophagosomes, and the products can be 308 reused for cell regeneration [4] . Autophagy is therefore fundamentally important for cellular homeostasis [5] , tumor suppression [6] , and antineurodegeneration [7] .
Hypoxia is a physiological stress encountered during several processes including energy metabolism, angiogenesis, cell proliferation, and cell death [8] . Hypoxia inducible factor-1α (HIF-1α), the master regulator of cellular response to hypoxia, serves as a critical mediator of the tissue's adaptive response to both low physiological oxygen levels and various pathological conditions [9] . Initially, HIF-1α was thought to control anaerobic metabolism through its regulation of the metabolic switch to glycolysis [10] . Under hypoxic conditions, cellular metabolism adapts to reduce O 2 availability by reprogramming metabolism through switching from oxidative to glycolytic metabolism. Glycolysis is inherently less efficient than oxidative phosphorylation, with a yield of 2 and 36 mol of ATP, respectively. To compensate for the reduced efficiency, HIF-1α activates the expression of glucose transporters GLUT1 and GLUT3, respectively, to increase delivery of substrate for glycolysis [11, 12] . In addition, HIF-1α can also stimulate the transcription of Bnip3 and Bnip3l genes, which recruit Beclin 1 to mitochondria by disrupting the Bcl2/Beclin 1 complex to trigger mitochondria-selective autophagy [13, 14] , thereby decreasing the oxidative metabolism of glucose. Recently, it was reported that autophagy negatively regulates glycolysis through selective autophagic degradation of HK2 in liver cancer cells [15] . These results suggest autophagy regulates glucose metabolism through different mechanisms.
Follicular development is a complex process, which involves follicular initiation, recruitment, selection, dominance, ovulation, and luteinization. During this procedure, excessive cell proliferation induced by gonadotropins promotes the accumulation of HIF-1α which, in turn, has a protective role on granulosa cell proliferation through autophagy activation [16] . Recent reports showed that glucose, metabolized under anaerobic conditions to lactate, is the preferred energy substrate to support the gonadotropin-induced differentiation in sheep granulosa cells [17] and theca cells [18] , suggesting that follicular development requires a metabolic switch from mitochondrial oxidation to glycolysis. However, the relationship between glucose metabolism and autophagy contribution to follicular development remains largely elusive. We therefore proposed a hypothesis that HIF-1α could activate autophagy signaling in mouse granulosa cell (MGC) and affect follicular development through regulating the glycolysis switch. To test this hypothesis, we used MGC as model to test the relationship between autophagy and glucose metabolism.
Materials and methods

Animals treatment
All animal experiments were conducted with the approval of the Animal Care and Use Committee of Huazhong Agriculture University. Three-to-four-week-old female ICR mice were maintained five per cage in a temperature-controlled ( 
Immunohistology
Mouse ovaries used for histological analysis were fixed with 4% paraformaldehyde overnight at 4
• C, dehydrated, and embedded in paraffin. Ovarian sections (5 μm thickness) were incubated with anti-HIF-1α antibody (diluted 1:300; catalog no. ab179483, Abcam), followed by incubation with a biotinylated secondary antibody for 1 h at a dilution of 1:500. The sections were dehydrated, mounted, and examined using dot slide-digital virtual microscopy (Olympus, Tokyo, Japan).
Cell transfection and treatments
Plasmid encoding GFP-LC3 was kindly provided by Prof. Jayanta Debnath (Addgene plasmid, 22418). Hif-1a siRNA (sc-35562) and Atg7 siRNA (sc-41448) or control siRNA (sc-37007) were purchased from Santa Cruz Biotechnology. Primary cultured MGCs were transfected with GFP-LC3 and siRNA (20 nM) or control siRNA (20 nM) by using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. The medium was replaced 6 h after transfection. At 24 h post-transfection, the cells were treated with CoCl 2 (Sigma-Aldrich) for another 4 h. For the inhibitor experiment, cells were cultured with 3-MA (10 mM; Sigma-Aldrich) and Galloflavin (10 μM; Sigma-Aldrich) and cells were cultured for 12 h before they were used for the next treatment.
Western blot
After the indicated treatments, total proteins were collected by using radioimmune precipitation assay lysis buffer and quantified by the BCA method (Pierce Chemical, Rockford, IL, USA). Next, 20 μg protein samples were subjected to 7.5% SDS-polyacrylamide gel electrophoresis followed by electrophoretic transfer onto a PVDF membrane (Millipore, Billerica, MA, USA Supplementary Table S1 . Melting curves were analyzed to verify amplification specificity. Delta-delta Ct value represented the mRNA expression, and the data were normalized to the amount of β-actin expressed.
Immunofluorescence staining
MGCs were plated on coverslips and processed following the indicated method. The cells on coverslips were fixed with 4% paraformaldehyde, permeabilized with 0.5 % Triton X-100 in PBS, and incubated with anti-HIF-1α (diluted 1:300; catalog no. ab179483, Abcam) antibodies for 1 h at 25
• C and then the coverslips were incubated with goat anti-rabbit IgG conjugated with Alexa Fluor 488 (green) for another 1 h in the dark. The nuclei were counterstained with 10 mg/ml DAPI (Beyotime Institute of Biotechnology, Haimen, China). The coverslips were finally mounted on glass slides. Fluorescent images were taken using a laser-scanning confocal microscope (Carl Zeiss, Göttingen, Germany).
GFP-LC3 assay
MGCs were seeded into 24-well plates post-transfected with GFP-LC3 plasmid, and the coverslips with MGCs were washed, mounted on slides, and inspected under a confocal laser scanning microscope (Carl Zeiss). Several bright green fluorescent puncta were observed in the cells. One punctum was considered equal to one autophagosome. Experiments were repeated three times, and GFP-LC3-stained puncta were counted in three randomly selected fields from each coverslip.
Glucose uptake assay
The intracellular glucose levels were measured using the glucose assay kit (Sigma-Aldrich) according to the manufacturer's protocol. Samples were measured with a microplate reader at an absorbance of 412 nm according to the manufacturer's protocol. The tests were repeated three times, and the glucose level was normalized to cell numbers per sample.
Lactate production assay
After treatment, cells were harvested and the lactate concentration was measured at an absorbance of 450 nm according to the manufacturer's protocol (Sigma-Aldrich). The lactate experiments were conducted in triplicate, and the results were normalized to cell numbers per sample.
Determination of ATP concentrations
ATP content of MGCs was determined with the ATP Testing Assay Kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Briefly, cells were lysed in ATP lysis buffer (from the kit) and centrifuged at 12,000 × g for 10 min. Supernatants were mixed with testing buffer, and ATP concentrations were measured on a luminescence detector. The experiments were conducted in triplicate, and the results were normalized to cell numbers per sample.
Apoptosis assay
Cell apoptosis assays were performed using flow cytometry (fluorescence-activated cell sorting, FACS). Cells were seeded into six-well culture plates at a density of approximately 5 × 10 6 to 8 × 10 6 cells per well. After treatment, cells were digested with 0.25% trypsin without EDTA, washed twice with PBS, fixed in 500 mL of binding buffer, and stained with 100 g/mL of Annexin V-FITC/100 g/mL propidium iodide (PI) at room temperature for 15 min, according to the manufacturer's protocol (Beyotime Institute of Biotechnology). The cells were analyzed using a BD FACScan system (Becton Dickinson, Franklin, NJ, USA).
Statistics
Results were expressed as the means ± SD from at least three independent experiments. The statistical analysis was performed by t-test and one-way analysis of variance using SPSS software version 18.0 (SPSS, Chicago, IL, USA). P < 0.05 was considered as significant.
Result
FSH-mediated HIF-1α promotes glucose uptake in vivo
To investigate whether the HIF-1α expression in MGCs is correlated with follicle development, we measured HIF-1α level after treatment with different concentrations of FSH in vivo. Our previous study has shown that HIF-1α mRNA and protein expression was significantly upregulated within 12 h after FSH administration [16] . Consistently, this study demonstrated that HIF-1α was rapidly induced after FSH injection and the expression of HIF-1α was dependent on FSH concentrations ( Figure 1A) . Surprisingly, qPCR result indicated that 5IU FSH significantly increased the HIF-1α mRNA expression. However, although the difference is not significant, mRNA level appeared to be decreased in the 10 IU group compared to 5 IU group, which indicated a regulatory role of high concentrations of FSH inhibiting HIF-1α in MGCs at a transcriptional level (Supplementary Figure S1 ). In addition, we found that the HIF-1α level was enhanced after FSH injection in follicular MGCs ( Figure 1B ), when the mouse ovary sections were stained immunohistologically. After FSH injection, MGCs were isolated and the glucose uptake level was determined. Similar to the expression pattern of HIF-1α, FSH treatment led to enhanced glucose uptake levels in MGCs ( Figure 1C ). HIF-1α inhibition by validated inhibitor Px-478 significantly reduced glucose uptake level compared with that only treated with 5 IU FSH ( Figure 1D ). On the basis of these findings, we conclude that FSH promotes HIF-1α expression, which in turn upregulates glucose uptake in MGCs. 
HIF-1α promotes glucose uptake in vitro
To further demonstrate the effect of HIF-1α on glucose uptake in vitro, we first established the MGC model with stable expression of HIF-1α by adding CoCl 2 into the culture media. CoCl 2 is a chemical inducer of HIF-1α by stabilizing HIF-1α transcription factor and inhibiting degeneration under normoxia in numerous cell types [19] [20] [21] [22] . Immunofluorescence assay indicated that the HIF-1α-positive cells as well as the fluorescence levels were increased (Figure 2A and C) . In addition, we also found a significant increased nucleus translocation of HIF-1α in the CoCl 2 -treated group compared to the control group ( Figure 2B and D). Consistently, the protein level of HIF-1α was increased in a dose-dependent manner after exposure to CoCl 2 for 4 h (Supplementary Figure S2) , which was comparable to that seen with the FSH injection ( Figure 1A ). Because CoCl 2 was reported to reduce cell viability and survival rate in some cell types [23] , cytotoxicity assay was tested by the CCK8 method (Supplementary Figure S3) . Figure 2E ). To further test the function of HIF-1α on glucose uptake, si-Hif-1a (siRNA-Hif-1a) was used to knockdown HIF-1α expression induced by CoCl 2 treatment. Results indicated that HIF-1α expression was inhibited (Supplementary Figure S4A and B) and Hif-1a knockdown significantly reduced the glucose uptake level ( Figure 2F ). Previous reports demonstrated that HIF-1α regulated glucose metabolism through activating its downstream factor Glut1 [24, 25] , which also played an important role in ovarian granulosa cells [26] . Similarly, we found that the expression pattern of Glut1 was significantly upregulated ( Figure 2G) ; knockdown of Hif-1a downregulates the expression level of Glut1 ( Figure 2H ). Collectively, these results present evidence that HIF-1α upregulates glucose uptake levels in cultured MGCs.
CoCl 2 -induced HIF-1α promotes autophagy in MGCs
It has been reported that autophagy is involved in regulating cellular metabolic capabilities [27] . We next demonstrated the effect of HIF-1α expression on autophagy in MGCs. Our previous report indicated that FSH upregulates cell autophagy through activating HIF-1α during follicle development [16] . Here, we measured the mRNA levels of the autophagy-related gene LC3, Atg5, Beclin1, Atg7, p53 and Bnip3 by quantitative RT-PCR in our hypoxic cell model induced by CoCl 2 , and we found that all of these tested transcripts were enhanced after CoCl 2 treatment ( Figure 3A) . Consistently, western blot results indicated that lipid conjugation of free LC3-I to the autophagic membrane-associated LC3-II was increased, and that degradation of the autophagy receptor SQSTM1 (p62) was enhanced ( Figure 3B and C). As a master regulator of autophagy, phosphorylation of mTOR (p-mTOR) was decreased ( Figure 3B and D). In GFP-LC3-transfected MGCs, CoCl 2 -induced HIF-1α significantly increased the formation of GFP-LC3 puncta ( Figure 3E and F). In contrast, autophagy was restored to the base line after Hif-1a knockdown, as shown by inhibited expression of autophagy-related genes and decreased GFP-LC3 puncta (Supplementary Figure S5) . Taken together, these findings collectively suggest that CoCl 2 -mediated HIF-1α effectively promotes cell autophagy in MGCs comparable to those seen with FSH injection in our previous report [16] .
HIF-1α-induced autophagy regulates glycolysis switch
Reports indicated that under hypoxia condition, cells switch to the oxygen-independent metabolic pathway, and they produce ATP by using the glycolysis pathway [28, 29] . To define the role of HIF-1α in glycolysis regulation, we first characterized the glycolytic enzymes expression of CoCl 2 -cultured MGCs. The expression levels of phosphoglycerate kinase 1 (Pgk1) and lactate dehydrogenase A (Ldha) were significantly increased in CoCl 2 treated MGCs (Supplementary Figure S6A and B) , reflecting an enhanced glucose flux ( Figure 2E ) and lactate production (Supplementary Figure S6D ). In addition, the expression of pyruvate dehydrogenase kinase isozyme 1 (Pdk1) was also significantly increased (Supplementary Figure S6C) , suggesting that the ATP production via mitochondria was inhibited. Conversely, knockdown of Hif-1a significantly reduced the expression of these genes (Supplementary Figure S6A -C).
To further investigate the function of autophagy in glucose metabolism induced by HIF-1α, we determined the glucose uptake level and lactate production after autophagy inhibition. Compared with the control group, si-Atg7 (siRNA-Atg7) significantly inhibited ATG7 expression (Supplementary Figure S4C and D) , and Atg7 knockdown or 3-MA treated cells showed an increased glucose uptake and lactate production under CoCl 2 condition (Figure 4A and  B) . In addition, autophagy inhibition further increased the expression of glycolytic enzymes ( Figure 4C-F) , reflecting a broad role of autophagy in regulating the glycolytic switch under hypoxic condition. Taken together, these results demonstrate autophagy restrained glycolysis at a reasonable level in MGCs.
Blocking autophagy promotes cell apoptosis under CoCl 2 condition
As shown above, autophagy inhibition led to enhanced lactate production ( Figure 4B ). Interestingly, we noted that the medium color turned to yellow and the cells grew poorly in prolonged culture time (data not shown). This observation prompted us to test whether autophagy inhibition in CoCl 2 -treated MGCs has a functional role in apoptosis. As expected, autophagy inhibition increased cell death significantly ( Figure 5A and B) . Moreover, ATP level in the autophagy inhibited group was significantly decreased compared with the control group, reflecting a role of autophagy in energy maintenance under hypoxia condition (Supplementary Figure S7) . To assess whether the high apoptosis rate is induced by high lactate level, we pretreated with Galloflavin, a validated inhibitor that blocks both isoforms of LDH-A and -B, which in turn downregulates lactate production. Results indicated that the cell death rate decreased significantly ( Figure 5A and B) . Furthermore, we observed an increased expression of p53 and Atm, probably reflecting a high participation of the cells in DNA damage and cellular stress signaling (Figure 5C ). In contrast, the mRNA expression of p53 and Atm was significantly attenuated by Galloflavin treatment. Overall, these results provide evidence that HIF-1α-induced autophagy plays a protective role in anti-apoptosis and energy maintenance during the glycolysis switch.
Discussion
In the process of ovarian follicle growth and development, the follicle microenvironment is considered to be hypoxic, which is a major factor regulating HIF-1α expression [30, 31] . In mammals, HIF-1α plays a critical role in many important ovarian biological processes by regulating the expression of numerous target genes [32] [33] [34] . Increasing HIF-1α activity by low O 2 concentration (10%) significantly enhances steroid acute regulatory protein (StAR) expression through binding to its promoter while severe hypoxia reveals opposing effects, supporting a double-edged role for the steroidogenic capacity of granulosa cells [35] . During the luteinization process of bovine granulosa cells, HIF-1α enhances progesterone production through StAR as well as 3β-hydroxysteroid dehydrogenase expressions [36] , reflecting that HIF-1α plays a role in progressing and completing the luteinization process. In addition, HIF-1α is an endogenous mediator that could be upregulated by reproductive hormones. HIF-1α-mediated transcriptional activation contributes to the increased expression of ET-2 gene in response to hCG in rat ovarian granulosa cells [37] . Consistently, we found a substantial induction of HIF-1α under FSH treatment ( Figure 1A and B) . These results suggested that HIF-1α was an important regulatory factor responsible for ovarian follicle development.
Accumulating evidences reveal that HIF-1α mediates cell survival and apoptosis resistant through, at least in part, alteration in cellular energy metabolism by glucose uptake and glycolysis [38, 39] . These responses usually occurred via activation of glucose transporter proteins and increased expression of enzymes required for glycolysis. In dairy cattle, the concentration of glucose in the blood flowing to and from the ovary show a significant positive difference by using the arterio-venous (A-V) difference techniques [40] . In bovine follicles, highly significant negative correlations were observed between the concentrations of glucose in follicular fluid and the levels of Glut1, 3, and 4 mRNA in granulosa cells, which suggests that the ovary has precise mechanisms to regulate glucose uptake by ovarian cells [26] .
Autophagy, a cellular homeostatic process that governs the turnover of damaged organelles and proteins, can be triggered by multiple forms of extra-and intracellular stress. Oxygen deprivation is one of the most established stimuli for the induction of autophagy mostly through the activation of HIF-1α dependent pathway [41] . In neonatal cardiomyocytes, HIF-1α-induced Bnip3 transcription is responsible for the induction of mitochondrial dysfunction, the formation of autophagic vesicles, and the promotion of the apoptosis process [42] . In the cortical neuron model of oxygenglucose deprivation/reperfusion, the overexpression of HIF-1α significantly induces changes in mitochondrial mass and mitochondrial autophagy, thereby increasing neuronal survival [43] . In the ovary, autophagy is an important cellular mechanism responsible for follicular atresia [44, 45] , changing primordial follicle pools [46, 47] and promoting preterm labor [48] . However, few studies have investigated the function of HIF-1α in regulating autophagy of granulosa cells. In a recent published paper from our lab, HIF-1α-induced autophagy has proved to be important for granulosa cell proliferation through the selective degradation of damaged mitochondria during FSH-mediated follicle development. In this study, CoCl 2 -treated MGCs could well mimic the hypoxic condition and subsequently activate autophagy, which helps us to further explore the molecular mechanism of autophagy in cellular homeostasis during follicle development.
In the face of limited oxygen supply, cells exhibit a glycolytic switch characterized by cellular metabolism shifts from oxidative phosphorylation to aerobic glycolysis. It is a strictly regulated mechanism for healthy cells to meet the demand of energy production. However, glycolysis is dysregulated in cancer cells because glycolysis promotes characteristics such as immortalization and stress resistance mechanisms [49] . Therefore, some effective regulatory mechanisms are involved in glycolysis regulation in normal cells. A recent report suggests that autophagy can be induced through AMPK-dependent pathway upon glucose deprivation [50] , suggesting a close relationship between autophagy and glucose metabolism. In addition, glucose deprivation leads to inhibition of mTOR, which is a dominant sensor of growth factors, nutritional condition, and energy status, and plays a dominant role in autophagy [51] . More recently, reports showed that autophagy facilitated glucose uptake and glycolytic flux by sequestering the RabGAP protein TBC1D5 away from its inhibitory interactions with the retromer complex, thereby enabling retromer recruitment to endosome membranes and GLUT1 translocation [52] . Moreover, autophagy was found to downregulate glycolytic metabolism through selective degradation of HK2, leading to enhanced glucose flux in glycolysis [15] . These results indicated that molecular crosstalk is involved in autophagy and glycolysis. Surprisingly, our study suggested that the expression of all three key regulatory enzymes was further upregulated after autophagy inhibition, which was consistent with enhanced glucose uptake and lactate production (Figure 4) , suggesting a crucial role of autophagy in glycolysis flux control. In addition, we also found that inhibition of autophagy led to increased lactate content, which in turn triggered cell apoptosis ( Figure 5A ).
Collectively, our results reveal that HIF-1α-induced autophagy may regulate glucose metabolism and act as a basic safeguard to maintain glycolysis against cell apoptosis ( Figure 5D ). This study presents a novel crosslink between autophagy and glycolysis under hypoxia condition, which helps to provide evidences of the involvement of autophagy during mammalian follicular development.
Supplementary data
Supplementary data are available at BIOLRE online. After knocking down Atg7, ATP level was detected as described in material and method section. The ATP experiments were conducted in triplicate, and the relative expression data were normalized to cell number per sample. * P < 0.05. Supplemental Table S1 . Primer sequences used in real-time PCR.
